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The fusion cross sections of radioactive 134Te + 40Ca were measured at energies above and below
the Coulomb barrier. The evaporation residues produced in the reaction were detected in a zero-
degree ionization chamber providing high efficiency for inverse kinematics. Both coupled-channel
calculations and comparison with similar Sn+Ca systems indicate an increased sub-barrier fusion
probability that is correlated with the presence of positive Q-value neutron transfer channels. In
comparison, the measured fusion excitation functions of 130Te + 58,64Ni, which have positive Q-value
neutron transfer channels, were accurately reproduced by coupled-channel calculations including
only inelastic excitations. The results demonstrate that the coupling of transfer channels can lead
to enhanced sub-barrier fusion but this is not directly correlated with positive Q-value neutron
transfer channels in all cases.
PACS numbers: 25.70.Jj, 25.60.Pj, 24.10.Eq
I. INTRODUCTION
Heavy-ion fusion below the Coulomb barrier presents
the opportunity to study the quantum tunneling of
many-body systems [1, 2]. For relatively light systems
(Z1Z2 . 250), the fusion probability below the barrier
can be described well using the single barrier penetra-
tion model (BPM) [2, 3]. However, for heavier systems
dramatic enhancements beyond the BPM were observed
in the fusion probability below the barrier [1–4]. This
was discovered to be associated with the coupling of ad-
ditional degrees of freedom, such as vibrational and rota-
tional excitations, which modify the single Coulomb bar-
rier producing a distribution of barriers [1, 2]. Coupled-
channel calculations provide a powerful tool to calcu-
late the fusion excitation functions with the inclusion
of couplings to inelastic excitations and/or rotational
bands [2, 5].
While nucleon transfer has been considered a “door-
way” to heavy-ion fusion [6], the coupling of transfer
channels to the sub-barrier fusion process is not fully un-
derstood [1, 5, 7–9]. A variety of experimental measure-
ments have shown strong correlations between the pres-
ence of positive Q-value neutron transfer (PQNT) chan-
nels and enhanced sub-barrier fusion probabilities (see
Refs. [1, 10–20] and references therein). For example,
the fusion of the symmetric 40Ca+40Ca and 48Ca+48Ca
systems show very similar excitation functions when tak-
ing into account the differences in the barrier height
and nuclear radii. However, the fusion probability is
over an order of magnitude greater for the cross sys-
tem, 40Ca+48Ca, at Ec.m./VC ∼ 0.94 (where VC is the
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Coulomb barrier) [15]. The most significant difference of
the cross system compared to the symmetric systems is
the presence of PQNT channels, which suggests that the
enhanced sub-barrier fusion is related to the coupling to
transfer channels. In contrast, we previously examined
the fusion excitation functions of different Sn+Ni and
Te+Ni systems, which have large variations in the Q-
value and number of PQNT channels, and observed no
significant enhancement in relation to the PQNT chan-
nels [8]. A recent measurement of 16,18O + 76,74Ge fusion
by Jia et al. showed a similar lack of enhancement with
respect to the presence of PQNT channels [9]. Thus, it is
unclear why the enhancement from couplings to transfer
channels is only present in certain systems.
Presently, it is difficult to included transfer couplings
in a consistent manner into the coupled-channel calcu-
lations [1, 2, 4, 5, 20–23]. Zagrebaev proposed a semi-
empirical formulation to account for the coupling of
transfer channels with positive Q-values which demon-
strated reasonable agreement with both fusion excita-
tion functions and neutron transfer cross sections [24].
Using a quantum diffusion approach, Sargsyan et al.
proposed that the fusion enhancement could be at-
tributed to changes in the deformations of the nuclei
from nucleon transfer [25]. Recently Oberacker and
Umar addressed the issue using a microscopic approach
with the density constrained time-dependent Hartee-
Fock (DC-TDHF) method and examined the fusion of
132,124Sn + 40,48Ca [26]. The DC-TDHF results showed
that the enhancement in the fusion of the 132Sn + 40Ca
system (which has many PQNT channels) was due to a
narrower width of the ion-ion potential for that system.
Systematic comparisons between different measured fu-
sion excitation functions [8, 12, 19] and continued the-
oretical efforts should help in understanding the mech-
2anism in which transfer channels effect the fusion pro-
cess. In the present work, the fusion excitation function
of 134Te + 40Ca was measured to provide additional in-
sight into the role of PQNT channels through comparison
with the 132,124Sn + 40,48Ca fusion measurements of Ko-
lata et al. [19] and coupled-channel calculations.
II. EXPERIMENTAL SETUP AND ANALYSIS
The radioactive 134Te beam was produced at the Ho-
lifield Radioactive Ion Beam Facility (HRIBF) using the
Isotope Separation Online (ISOL) technique. A 10-15 µA
proton beam produced by the Oak Ridge Isochronous Cy-
clotron bombarded a uranium carbide target. The frag-
ments produced from the proton-induced fission of the
uranium were ionized using a plasma ionization source.
The 134Te fragments were selected using mass separators
and passed to the 25 MV tandem electrostatic accelera-
tor, which accelerated the beam to energies between 535
and 619 MeV. Further information on the HRIBF ISOL
technique and radioactive ion beam production proce-
dures can be found in Ref. [27]. Beam rates for the
134Te ranged from 70,000 to 90,000 particles per second.
The 134Te beam impinged on a 0.466 mg/cm2 40CaF2
target. As discussed in Ref. [19], the target composi-
tion and thickness were determined using the Rutherford
Backscattering Spectrometry (RBS) at Hope College in
Holland, MI.
The evaporation residues (ERs) produced in the fusion
of Te + Ca (and Te + F) were detected in the Compact
Setup for Studies of Evaporation Residues (CSSER) [28].
The detector system was designed to provide high effi-
ciency measurements of evaporation residues produced
through inverse kinematics. The setup consisted of two
microchannel plate timing detectors (MCPs) placed up-
stream from the target that monitored the beam rate and
served as a timing references. Downstream from the tar-
get, a position sensitive MCP was mounted followed by
a zero-degree ionization chamber. The configuration was
identical to that used in Ref. [19], where the distance
between the target and third MCP was increased from
169 mm (standard configuration [8, 28–30]) to 329 mm
to increase the time of flight (ToF) path length.
Since the ERs will travel at a reduced velocity relative
to the beam particles, events with an increased ToF be-
tween the second and third MCPs were selected for iden-
tifying ERs. The ERs were identified from the energy-
loss signals in the ionization chamber. The ionization
chamber has three anodes providing ∆E1, ∆E2 and ∆E3
signals. The chamber was filled with CF4 gas at a pres-
sure of 33 Torr. Fig. 1 shows the ∆E1-∆E2 plot for ER
triggered events for the 134Te+40Ca reaction at 580 MeV.
The ERs from the fusion of both Te + Ca and Te + F
are clearly discernible and are well separated from the
beam-like particles. A 2-D gate was drawn to select the
ERs. Background events were removed by examining the
ToF-∆E3 histogram of the gated ER events, as shown in
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FIG. 1. (color online) ∆E1-∆E2 contour plot from the ion-
ization chamber for ER triggered events from the 134Te+40Ca
reaction. The two groups of ERs from the Te + Ca and Te + F
fusion are indicated and are clearly separated from the beam-
like particles. The insert shows the ∆E3-ToF for the events
selected from the Te + Ca ER gate.
the insert of Fig. 1. The systematic error was estimated
to be at most 5% due to reasonable variations in the ER
selection gates.
The efficiency of the ionization chamber at each energy
was estimated using the pace2 statistical model [31] to
calculate the angular distributions of ERs. The energy
loss and straggling effects in the target and MCPs were
taken into account in the Monte Carlo simulation. The
strong forward focus of the ERs, owing to the inverse
kinematics, in combination with the zero-degree ioniza-
tion chamber resulted in high detection efficiencies of
about 97% for all energies. The beam, downscaled by
1000, was also counted in the ionization chamber allow-
ing for the ER cross sections to be calculated. Since the
energy loss of the beam in the target is about 30 MeV,
the effective reaction energy was determined by the fit-
ted spline method [29]. The effective reaction energy will
be between the initial beam energy (Ein) and the energy
after passing through the target (Eout). Below the bar-
rier, where the fusion cross section changes rapidly, the
effective reaction energy will be weighted towards Ein, as
this corresponds to a much higher cross section. The fit-
ted spline method has been tested and shown to provide
accurate determination of the effective reaction energies
in thick target measurements [29]. The SRIM energy loss
code [32] and spline fitting classes from the ROOT soft-
ware package [33] were used to implement the method.
III. RESULTS AND DISCUSSION
The evaporation residue cross sections as a function of
the center of mass energy from the 134Te + 40Ca reac-
tion are presented in Fig. 2. The experimental results
are compared to ER and fission cross sections calculated
from the statistical model pace2 [31], shown as the solid
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FIG. 2. (color online) The ER cross sections as a function
of the center of mass energy from the 134Te + 40Ca system.
Calculations of the ER and fission cross sections from pace2
are shown for comparison as the solid and dashed lines, re-
spectively.
and dashed lines. The fusion cross sections in pace2 are
taken from the Bass systematics [34]. The calculation
was completed using a level density parameter of A/8
MeV−1, saddle point to ground state level density ratio
(af/an) of 1.04, spin distribution diffuseness of 4~, Sierk
fission barriers, and experimentally determined masses.
This choice of input parameters had been shown to pro-
vide good agreement between the pace2 and experimen-
tal cross sections for a variety of Sn + Ni reaction sys-
tems [29].
The ER cross sections from the pace2 calculations
agree well with the experimental data above the Coulomb
barrier, which is indicated by the arrow. Deviations
between pace2 and the experimental data around the
Coulomb barrier are expected since the Bass systematics
do not extend below the barrier. The pace2 calcula-
tions show that the measured ER cross sections can be
safely approximated to be equivalent to the total fusion
cross section. Even at the highest energy the fission cross
section is calculated to be over one order of magnitude
smaller than the ER cross section.
The reduced fusion excitation functions from the
134Te + 40Ca system and similar 132,124Sn + 40,48Ca sys-
tems [19] are compared in Fig. 3(a) to gain insight into
the influence of transfer channels on the sub-barrier en-
hancement. The cross section was scaled by piR2, where
R = 1.2(A
1/3
proj + A
1/3
tgt ) fm, to remove the differences in
the nuclear radii of the systems. The center of mass en-
ergy was scaled by the Bass fusion barrier (VBass) [34] to
account for systematic changes in the barrier position.
The reduced fusion excitation functions are clearly sep-
arated into two groups according to the 40Ca and 48Ca
targets. There is a significant enhancement in the sub-
barrier fusion for the reactions with 40Ca in compari-
son to 48Ca. The enhancement is correlated with the
presence of PQNT channels as shown in Fig. 3(b). The
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FIG. 3. (color online) (a) 134Te + 40Ca reduced excitation
function is compared to the 132,124Sn + 40,48Ca systems from
Ref. [19]. (b) Neutron transfer Q-values, calculated from the
ground state masses, as a function of the number of neutrons
transferred from the projectile to the target.
132,124Sn + 48Ca reactions do not have any PQNT chan-
nels, whereas the 40Ca systems each have at least 10
PQNT channels. The results suggest that the influence
of the transfer channels is similar in the Te + Ca and
Sn + Ca reactions.
An issue to be discussed in the systematic compari-
son of the reduced excitation functions [Fig. 3(a)] is the
strength of the octupole mode in 40Ca which can produce
a potential renormalization of the barrier [35]. This was
demonstrated by Stefanini et al. for Ca + Zr systems [12].
The potential renormalization produces an increase in
the above barrier fusion cross section for the 40Ca sys-
tems in comparison to the 48Ca systems. Stefanini et
al. proposed a method of shifting the different excita-
tion functions by a constant energy such that the above
barrier cross sections are equivalent. This should remove
the differences due to the renormalization of the poten-
tial [12]. The method was applied to the Sn + Ca systems
and the shifted excitation functions still presented an en-
hancement for the 40Ca systems. This suggests that the
enhancement of the 40Ca systems is not solely due to the
4strong octupole mode but appears to be related to the
presence of PQNT channels. However, fluctuations in
the above barrier cross sections of the Sn + Ca systems,
likely due to the difficulty of the RIB experiment, create
some uncertainty in shift constant. Therefore, it is pos-
sible that a larger shift constant could be required which
would reduce the enhancement of the 40Ca systems.
While the comparison with the Sn + Ca systems indi-
cated an enhancement due to the transfer channel cou-
plings, it is important to examine if couplings to inelas-
tic excitations in the 134Te + 40Ca fusion can reproduce
the sub-barrier enhancement. The coupled-channels code
ccfull [36], which includes both linear and non-linear
couplings, was used to solve the coupled-channel equa-
tions. ccfull uses the incoming wave boundary con-
dition, which requires a deep potential for calculating
fusion cross sections at high energies [37]. Therefore,
the diffuseness (a0) and radius (r0) parameters from a
potential with a depth (V0) of 115 MeV were varied
to match the shape of the barrier calculated from the
Akyu¨z-Winther (AW) potential [38]. A comparison of
the AW and modified deep potential are shown in Table I.
The modified deep potential was used in the subsequent
ccfull calculations.
The 134Te + 40Ca fusion excitation function is com-
pared to the BPM in Fig. 4. While the calculation and
data agree above the barrier, the BPM significantly un-
der predicts the sub-barrier fusion probability. There-
fore, the one-phonon excitations (1ph) of the 2+ and 3−
states of 40Ca and the 2+ state of 134Te were included
into the coupling scheme. The 134Te 3− state, recently
measured at 3749 keV [39], was not included in the cal-
culation since the B(E3) is unknown. The quadruple
and octupole deformations of 40Ca were calculated from
the B(E2) and B(E3) reduced transition probabilities
from Refs. [40] and [41]. The B(E2) value for 134Te
was taken from the HRIBF Coulomb excitation measure-
ments [42, 43]. The ccfull calculation including inelas-
tic couplings (IE), shown as the red dashed line in Fig. 4,
increases the sub-barrier fusion enhancement but is still
unable to reproduce the experimental data.
As mentioned previously, the increase in the IE coupled
fusion cross sections above the barrier are related to the
strong octupole state in 40Ca at 3.7 MeV, which can pro-
duce a static potential renormalization. The curvature of
the barrier (~ω) defines a limit for which states need to be
included in the coupled-channel calculations [35]. Since
the energy of the 3− state in 40Ca is roughly equal to the
curvature of the barrier it was included in the coupling
scheme [35]. The removal of the 3− state from the cal-
culation is shown as the green dot-dashed line in Fig. 4.
Without the 3− state, the above barrier cross sections are
very similar to the BPM and only a slight increase in the
sub-barrier fusion is observed with respect to the BPM.
In either case (including or excluding the 3− state), the
general conclusion that the measured fusion excitation
function cannot be reproduced through inclusion of only
one-phonon IE couplings remains the same.
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FIG. 4. (color online) ccfull calculations for the fusion of
134Te + 40Ca with no couplings (BPM), inelastic one-phonon
(1ph) and two-phonon (2ph) excitation (IE) couplings, and
IE with neutron transfer couplings. The experimental data
are shown as the solid black circles.
Since the coupling of the one-phonon states was un-
able to reproduce the experimental data, two-phonon
(2ph) couplings were included in the calculations and
are shown in Fig. 4. The two-phonon (2+)2 and (3−)2
states were included along with all cross-coupling terms,
such as 2+ ⊗ 3−. Multi-phonon couplings have previ-
ously been shown to be important for reproducing the
barrier distributions of certain systems [11, 44–46]. The
inclusion of the two-phonon excitations slightly increases
the sub-barrier fusion but the large discrepancy between
the coupled-channel calculations and experimental data
remains.
In order to reproduce the sub-barrier fusion enhance-
ment coupling to the transfer channels is required.
Therefore, the coupling of the 1n transfer channel from
134Te to 40Ca was included with a Q-value of 0.86 MeV.
Since experimental transfer measurements do not exist
for this system the transfer form factor is unknown and
only a qualitative measure of the transfer coupling can
be extracted. Thus, the coupling constant (Ft) in the
ccfull calculations was varied until reasonable agree-
ment with experimental data was achieved, which corre-
sponded to Ft = 0.55. As shown in Fig. 4, the coupled-
channel calculations with both the IE and 1n transfer
channels are able to reproduce the sub-barrier fusion en-
hancement. Together, the results of the coupled-channel
calculations and comparisons with the Sn + Ca systems
demonstrate that the fusion of 134Te + 40Ca is clearly
modified by the presence of the PQNT [8].
The role of transfer channels in the 134Te + 40Ca
system is different than that in the previously studied
130Te + 58,64Ni systems [8]. While the structure of 134Te
and 130Te are similar, the 40Ca and 58,64Ni targets are
very different. In comparison to the Ni targets, the dou-
bly magic 40Ca has a much higher lying 2+ state and, as
5TABLE I. A comparison of the AW and modified deep potential and associated barrier characteristics for the 134Te + 40Ca
system.
Potential V0 (MeV) a0 (fm) r0 (fm) VB (MeV) ~ω (MeV) RB (fm)
AW 78.26 0.679 1.18 121.8 3.87 11.48
Mod. Deep 115 0.756 1.12 121.6 3.80 11.42
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FIG. 5. (color online) Measured fusion excitation functions of
(a) 130Te + 58Ni and (b) 130Te + 64Ni compared to coupled-
channel calculations without (BPM) and with inelastic exci-
tation (IE) channel couplings.
discussed above, a strong coupling of the 3− state. Even
though the 130Te + 58Ni system has 11 PQNT channels
the reduced excitation function showed no enhancement
beyond the 130Te + 64Ni system, which has only 1 PQNT
channel.
In our previous work [8] the coupled-channel calcu-
lations for the 130Te + 58,64Ni systems were not pre-
sented. In Fig. 5 the fusion excitation functions calcu-
lated using ccfull with no couplings and IE couplings
are shown. The calculations were completed identically
to that described above for the 134Te + 40Ca system.
The 2+ and 3− states of both the projectile and tar-
get were included in the IE coupling scheme [40, 41].
The experimental excitation functions are reproduced
well by the coupled-channel calculations including only
IE channels. A clear discrepancy is observed pertain-
ing to the role of transfer channels in the fusion process.
Even though the 134Te + 40Ca and 130Te + 58Ni sys-
tems have similar numbers of PQNT channels (12 and
11, respectively) the coupled-channel calculations show
that the 130Te + 58Ni data can be explained by IE cou-
plings while the 134Te + 40Ca data require the inclusion
of transfer channel couplings. This suggests that the
unique structure of the 40Ca target is associated with
producing stronger transfer channel effects.
IV. SUMMARY
The fusion cross sections of 134Te + 40Ca were mea-
sured at energies below and above the Coulomb bar-
rier using the CSSER setup at the HRIBF to directly
detect the evaporation residues. A large number of
PQNT channels result from the extreme difference in
the neutron richness of the radioactive 134Te and sta-
ble 40Ca. Comparing the reduced excitation function of
the 134Te + 40Ca system to the 132,124Sn + 40,48Ca sys-
tems showed a systematic increase in the sub-barrier fu-
sion cross sections correlated with the presence of PQNT
channels. Coupled-channel calculations also required the
inclusion of transfer channel couplings, along with inelas-
tic excitations, to reproduce the measured 134Te + 40Ca
excitation function. In comparison, the fusion excitation
functions of the 130Te + 58Ni and 130Te + 64Ni systems
were well reproduced by coupled-channel calculations in-
cluding only inelastic excitations despite having 11 and
1 PQNT channels, respectively. Thus, it appears that
the structure of 40Ca, in comparison to the 58,64Ni, leads
to more pronounced transfer channel effects [47]. The
role of transfer channels in the fusion process is complex
and the results indicate that presence of PQNT channels
does not necessitate additional fusion enhancement. Ad-
ditional experimental and theoretical effort is needed to
begin to unravel the relationship between transfer and fu-
sion reactions. Specifically, experimental measurements
of both the fusion and multinucleon transfer cross sec-
tions, such as the work of completed at Argonne National
Laboratory for the Sn + Ni systems [23, 48–51] and the
Ca + Zr measurements at INFN [12, 14, 52, 53], are
strongly encouraged as this can help constrain the theo-
retical calculations and provide a deeper understanding
of the coupling of the fusion and transfer processes.
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